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Abstract
Discomfort glare is common problem in modern buildings that employ highly-glazed façades. Glare not only has
negative impacts on occupant comfort but can also increase energy use in buildings. Yet a robust discomfort glare metric,
particularly with regards to daylight, has proven elusive. The Uniﬁed Glare Probability (UGP), developed using 493
surveys under clear skies in Brisbane, Australia, shows promise as useful tool for estimating glare from windows. This
investigation attempts to validate the UGP using a similarly large number of surveys under diﬀerent sky conditions,
diﬀerent building types and demographics in the tropical climate of Kuala Lumpur, Malaysia.
The study uses a similar methodology to the initial investigation of the UGP, using a combination of luminance
mapping with a post-occupancy evaluation (POE) questionnaire on discomfort glare. A total of 341 surveys were
collected from six buildings; three green-rated and three regular oﬃce buildings. Hypothesis testing of the luminance
data collected in these buildings indicate that the ratio of window to background luminances are a more sensitive measure
of occupant discomfort than ratios of window to task luminances.
The results for the UGP show agreement in predicting discomfort from windows between both data sets using
regression analysis. A simple hypothesis test showed discomfort was accurately predicted by the old UGP model for
69% of new surveys. The agreement between the two data sets for window glare enabled them to be combined into one
massive data set of 813 surveys to update the UGP. The updated metric uses a logistic curve in place of the original
linear transformation of the Uniﬁed Glare Rating (UGR) to prevent illogical values of probability being obtained from
the metric.
Keywords: discomfort glare; luminance mapping; green buildings; POE; tropics; overcast sky; intermediate sky;
daylighting
1. Introduction
Visual discomfort from glare is a signiﬁcant problem
in oﬃce buildings, especially in green-rated or sustainable
building designs with high proportions of glazing on ex-
terior walls. For example, in an international survey of
lighting conditions, 2540 people in 36 sustainable (green)
buildings across 10 countries found glare to be an issue [1].
Using a 7 point scale, (1 - no glare to 7 - too much) median
values for glare were as high as 4.37, far from the ideal of
1 (no glare). It is well established that building occupants
usually close blinds due to glare [2] and open plan oﬃce
spaces in particular are more likely to have their daylight
design sabotaged as a result of occupant complaints than
other space types [3]. Glare from windows is produced by
the non-uniform luminance distribution within the visual
ﬁeld, or by high luminance contrast between a window
and it surroundings. Visual discomfort can act as both a
cognitive stressor and a distraction that aﬀects workers’
performance [4] as well as signiﬁcantly impact occupant-
rated satisfaction of lighting in buildings [5], and it has
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been identiﬁed as a potentially doubling energy consump-
tion in green buildings when occupants devise ad hoc in-
terventions to improve their comfort [6].
Some more speciﬁc post occupancy evaluation studies
on visual discomfort in open plan oﬃce spaces demonstrate
the magnitude of the problem by reporting proportions of
building occupants who reported glare conditions:
• Hirning et al (2013) - study of 64 people found 56%
of workers in open plan oﬃce buildings in Brisbane
reported discomfort from daylight and electric light
sources [7].
• Konis (2013) - study of 44 people found that 60 to
70% of workers in an open plan building in San Fran-
cisco reported visual discomfort from windows, with
almost 20% reporting glare as very uncomfortable
[8].
• Hirning et al (2014) - study of 493 people found that
49% of occupants of green buildings in Brisbane re-
ported some visual discomfort [9]
The magnitude of the problem highlights the need for
reliable tools to predict potentially uncomfortable visual
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Nomenclature
β simple linear regression coeﬃcient
µ mean of sample
ωs solid angle of a glare source (sr)
C residual of the regression
Ev vertical illuminance at the eye (lux)
Lb background luminance (cd/m2)
Ls glare source luminance (cd/m2)
M sample size or number of observations
m group size or number of groups
n number of glare sources
P Guth’s Position Index
p probability of two sample t-test
r2 coeﬃcient of determination in simple linear re-
gression
S.D. standard deviation of sample
t test statistic following a t-distribution
BCD Borderline Comfort Discomfort
CGI CIE Glare Index
DGI Daylight Glare Index
DGP Daylight Glare Probability
FOV ﬁeld of view
GSV Glare Sensation Vote
POE Post-Occupancy Evaluation
PPD Percentage Persons Dissatisﬁed
UGP Uniﬁed Glare Probability
UGR Uniﬁed Glare Rating
VCP Visual Comfort Probability
vlt visible light transmittance
wwr window-to-wall ratio
conditions in buildings. However a robust measure to pre-
dict discomfort due to daylight has proven elusive. The
idea of a single, robust metric is complicated by several
factors:
• The general physiological mechanisms for visual dis-
comfort are ill-deﬁned, so attempts to quantify it
require empirical study; early studies deﬁning glare
indices were conducted under laboratory conditions
[10] or in mock oﬃce setups [11, 12] and have not
been easily replicated in ﬁeld studies [8, 9, 13, 14];
• Daylight is a dynamic source that ﬂuctuates in
colour, intensity, direction and availability, making
ﬁeld studies diﬃcult to conduct and potentially dif-
ﬁcult to translate between diﬀerent climates;
• Field studies frequently show occupants can have
diﬀerent visual responses to similar lighting condi-
tions [15, 16]; often using diﬀerent subjective cri-
terion for assessing discomfort (Hopkinson multiple
criterion [17], Glare Sensation Vote (GSV), Percent-
age Persons Dissatisﬁed (PPD), Borderline Comfort
Discomfort (BCD) etc) and too few subjects to eﬀec-
tively compare research outcomes between studies.
• Visual discomfort can be experienced in more than
one way (e.g. direct view of the sun or veiling con-
trast on a monitor can both cause glare but each
condition provides very diﬀerent visual stimulus);
• Environmental factors such as qualitative aspects of
window view [18–20], window access [21], interac-
tions of daylight with interior architecture and elec-
tric lighting design, seasonal [22] and location spe-
ciﬁc factors impact on visual comfort perception [23];
• Occupant-based factors, such as: age [24], vision di-
agnosis, awareness/knowledge of lighting, the time
of day [25], view direction [26], long term exposure
[27], task diﬃculty [4] and blind use [23, 28] can also
inﬂuence individuals’ perception of visual comfort.
Given this complexity, it is likely that one single metric
for all these factors for all situations is not achievable, and
that diﬀerent metrics that best reﬂect the conditions of
diﬀerent situations may be more appropriate. The devel-
opment of a metric suitable for glare evaluation speciﬁcally
for open-plan oﬃce buildings was described by Hirning et
al in 2014, where luminance maps of occupants’ ﬁeld of
view (FOV) were matched to a POE questionnaire for 493
occupants in ﬁve Green Star buildings in Brisbane, Aus-
tralia [9]. The study found occupants to be more sensitive
to glare than any previous metric could account for. A
modiﬁed glare index called the Uniﬁed Glare Probability
(UGP) was developed to take into account the scope of
the results. The index used a linear transformation of the
UGR to calculate the probability of an occupant report-
ing visual discomfort. Based on the range of collected data
used in its development, the caveat of the UGP was that
it applied only to glare from windows, and that it was op-
timal for screen-based tasks in open plan green buildings,
under clear sky conditions in subtropical climates.
Highlighted in the investigation were some unresolved
issues from the large collected data set. The study at-
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tempted to take into account known parameters which
were expected to aﬀect occupants’ discomfort such as age,
eye correction and view properties etc, however only pa-
rameters relating to luminance and solid angle showed sig-
niﬁcant inﬂuence. It was suggested that apparent large in-
dividual diﬀerences in glare sensitivity might have masked
other inﬂuencing factors. Consideration was also given to
the possibility that parameters not recorded during data
collection had inﬂuenced occupants’ perception of discom-
fort, and that geographical or cultural inﬂuences might
also exist. Therefore, in order to further validate this met-
ric a new POE study of six buildings in a tropical climate
has been performed in a new location (Kuala Lumpur) and
is presented here.
Consequently, this paper examines the accuracy and
applicability of the UGP to assess window glare in open-
plan oﬃces for diﬀerent location, sky conditions and build-
ing types from those used in its development.
2. Methodology
The methodology and analysis used in this research was
designed to be consistent with the methods used by Hirn-
ing et al in investigating discomfort glare in Brisbane open
plan oﬃce buildings [7, 9]. The research collected survey
data from 341 occupants working under their usual lighting
conditions in their regular place of work in Malaysian oﬃce
buildings. The survey consists of a questionnaire designed
to address discomfort glare and a corresponding luminance
map captured from the occupant’s point of view.
2.1. Buildings
Six buildings were assessed in this investigation, three
were certiﬁed green buildings (green-rated), the other
three typical oﬃce buildings (non-green rated), namely:
• ST Diamond - Suruhanjaya Tenaga Diamond Build-
ing, located in Putrajaya, Malaysia
• KKR2 - Kompleks Kerja Raya 2, Kuala Lumpur,
Malaysia
• Binjai - Menara Binjai, Kuala Lumpur, Malaysia
• PJD - Menara PJD, Kuala Lumpur, Malaysia
• Syed Kechik - Bangunan Yayasan Syed Kechik,
Kuala Lumpur, Malaysia
• SEDA - Sustainable Energy Development Authority
Malaysia - Galeria PjH, Putrajaya, Malaysia
All oﬃce buildings had an open plan layout. Table 1
lists the green building certiﬁcations, the number of col-
lected surveys and the daylighting measures in place for
each building.
Four of the buildings surveyed were located in Kuala
Lumpur and two of the buildings were located in the adja-
cent administrative territory of Putrajaya. This data set
is referred to throughout the investigation as the ‘current’
or ‘KL’ data. The study of ﬁve green buildings on which
the methodology of this investigation is based is referred
to as the ‘previous’ or ‘Brisbane’ data.
2.2. Survey
Permission from a tenant of each building was granted
prior to conducting the survey. All occupants were re-
quested to participate in the survey but could refuse to do
so if they wished. Upon agreeing, the occupant was re-
quired to immediately ﬁll in the questionnaire in the pres-
ence of the assessor. If an occupant requested guidance
on the meaning or purpose of a question this was given to
them. All occupants were performing their usual screen-
based (computer) tasks as required for their occupation
prior to completing the survey.
Immediately after ﬁnishing the questionnaire, the oc-
cupant was required to vacate their seat. The assessor
conﬁrmed all questions on the survey were answered, and
that the response indicated on the view diagram was accu-
rate for the present time. The luminance mapping camera
(LMK - see Section 2.2.3) was placed in the previous seated
position of the occupant, at approximate head height, to
capture a series of multiple exposed images of the FOV.
A diverse distribution of view directions and positions was
assessed in each building. All surveys were conducted be-
tween 8:30am and 5:00pm, consistent with the usual work
hours of the buildings tenants.
2.2.1. Questionnaire
The questionnaire used to record occupant responses to
their visual environment is similar to that used in previous
investigations, with only minor modiﬁcations [29]. It is a
two-page questionnaire and is structured as follows:
• Time, reference and location details (assessor com-
pletes)
• General lighting questions
• Glare indication diagram, for an occupant to indicate
where, if at all, in their FOV a particular disturbing
or distracting light source is located at the time of
survey.
• Type of glare occupants ﬁnd most disturbing
• Personal questions relating to demographics and task
performance
• Comments on discomfort glare (optional)
There are three additional questions in this survey
compared to that used previously by Hirning et al (shown
full in Appendix A). The ﬁrst asks which type of glare
the respondent found most disturbing. In the case of mul-
tiple glare types present in the same scene, this response
allowed the occupant to indicate which type of glare they
found most disturbing (e.g. direct sun around task, electric
glare, sky view, screen glare and other reﬂections). The
next new question asked occupants to specify gender, and
the ﬁnal new question asks whether occupants generally
preferred to work under daylight or electric light.3
Table 1: Buildings surveyed during this investigation.
Building Certiﬁcation No of Architectural Daylighting Measures
& Year Surveys Features
ST Diamond
LEED Platinum
68 wwr = 0.66
atrium with mechanical shade,
GBI Platinum vlt = 50%
lightshelf, light redirecting venetian blinds
Green Mark Platinum above window, task lights, roller blinds,low partitions, sparse open plan layout
KKR2 GBI Platinum 93 wwr = 0.63
perforated venetian blinds, dimming
vlt = 40% system, task lights, low and transparentpartitions, sparse open plan layout
Menara Binjai Green Mark Gold 99 wwr = 0.6
transparent roller blinds, dimming
GBI Certiﬁed vlt = 40% system, external shading, low partitions,dense open plan layout
SEDA none 43 wwr = 0.5 atrium, roller blinds, low partitions,vlt = 30% dense open plan layout
PJD none 15 wwr = 0.5 roller blinds, high partitions,vlt = 50% dense open plan layout
Syed Kechik none 23 wwr = 0.35 roller blinds, venetian blinds,vlt = 40% low partitions, sparse open plan layout
2.2.2. Additional Information
In addition to the responses given by the occupants
on the questionnaire, the assessor also recorded the sky
condition at the time of survey, the approximate location
of the occupant, the viewing direction of the occupant to
the nearest façade, whether the blinds of the nearest win-
dow were up or down and whether any electric lighting or
task lighting was in use. The sky condition, location and
direction reference information each had three options as
follows:
• sky - clear / intermediate / overcast
• location - next to the façade / mid-plan / deep plan
• direction - occupant facing the nearest façade / occu-
pant facing adjacent to the nearest façade / occupant
facing away from the nearest façade
For the approximate location of occupants, mid-plan
was asssigned to an occupant that was located adjacent to
an occupant seated next to the façade. An occupant was
classiﬁed as deep plan if they could be classiﬁed as neither
mid-plan or façade. Each surveyed oﬃce had diﬀerent plan
layouts, therefore these categorisations are not consistent
between buildings but are presented to indicate the diverse
distribution of positions and view directions captured by
the surveys (Table 2).
For the blind position, overhead electric lighting and
task lighting there were only two available options; on/oﬀ
for overhead electric lighting and task lighting, and
up/down for the position of the blinds. The collected im-
ages could be used to check the recorded responses of the
variables.
Table 2: Counts for the approximate location and view
direction of occupants to the nearest façade.
Location Facing Adjacent Away
Window 50 53 25
Mid-plan 22 35 12
Deep plan 67 19 58
2.2.3. LMK Luminance Mapping
The luminance maps acquired during the surveys were
captured using an LMK Mobile Advanced, calibrated by
TechnoTeam GmBH. The LMK is a camera-based imaging
luminance photometer which can be used for measurement
and analysis in indoor and outdoor lighting [30, 31]. The
LMK system uses a Canon EOS 350D digital camera with
a CMOS Canon ASP-C sensor ﬁtted with a Sigma 4.5mm
circular ﬁsheye lens (180◦ FOV). The diameter of the ﬁsh-
eye image is 1242 × 1242 pixels. In acquiring luminance
maps, nine Canon RAW images were captured ranging in
exposure time from 1/4000s to 2.5s. The aperture of the
lens was kept constant at F11 and ISO (sensitivity) set to
100. The nine RAW images were captured by the LMK in
less than 10 seconds. A short collection time is beneﬁcial
when working under variable daylight conditions.
Luminance images were created with the LMK LabSoft
program and converted to .hdr image format [32]. The
LMK Labsoft program contains calibration ﬁles for each
available camera setting and can create highly accurate lu-
minance maps, which are stored in the special .pf (picture
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Table 3: The table shows the average relative change in
workplane illuminance (%) for every mintue of the day, at
three distances (1, 2 and 3m) from the façade in an empty
oﬃce.
Illuminance change over 1 minute (%)
1m 2m 3m
5.95 6.90 6.68
Illuminance change over 2 minutes (%)
1m 2m 3m
9.40 9.70 10.0
ﬂoat) format. The dynamic range available to the LMK is
extremely large. The maximum recorded luminance in a
survey in this investigation was 88000 cd/m2. The uncer-
tainty in calibration under illuminant A is 2.5% [33]. How-
ever, when capturing luminance maps under the dynamic
lighting conditions of daylit interiors, the uncertainty will
be greater than this. In a preliminary experiment assessing
the accuracy of the LMK under interior daylit conditions,
the average error of a test target using a Konica Minolta
LS-100 luminance meter was found to be 6%.
However, this still does not fully characterise the po-
tential uncertainty in measurement when surveying real
occupants using a questionnaire, as there can be a small
time delay, about 1 minute, between an occupant assess-
ing their current lighting and the researcher capturing the
images. Under daylit conditions the lighting can change
unpredictably in this time. To provide an estimate of this
potential uncertainty, another preliminary experiment was
performed where the workplane illuminance in an empty,
purely daylit oﬃce was monitored every 10 seconds at 1m,
2m and 3m from a windowed façade during the day (10am
to 4pm) in Kuala Lumpur. Clear, intermediate and over-
cast sky conditions were observed during the experiment.
The only interest in the data was the relative change in
illuminance at 1 and 2 minute intervals for the entire day.
Table 3 show the results of the test.
Taking the results of Table 3 into account, the probable
error in luminance measurement on average could be 12-
16%. In order to minimise the uncertainty due to ﬂuctua-
tions in conditions between image capture and survey, the
questionnaire was reissued by the assessor if the lighting
distribution noticeably changed after the original response
was given. The occupant could simply alter the previous
response on the view diagram to evaluate the current con-
ditions.
2.3. Image Processing
Luminance maps were created from the series of images
corresponding to each questionnaire response. For each lu-
minance map, a series of image masks were created. There
were seven possible image masks; vision, screen, window,
blinds, sky, glare and view. The seventh image mask, view
mask, was created by subtracting the blinds mask from
the window mask. The deﬁnition of each mask is listed as
follows and shown in Figure 1:
• vision - The portion of the ﬁsheye FOV available to
human vision, Guths total FOV [34].
• screen - The backlit screen of the computer the oc-
cupant was currently working at for the survey.
• window - Any visible glazing in the image, including
the window frame and any glazing hidden behind
interior blinds.
• blinds - The portion of the window obstructed by the
blinds.
• sky - The direct view of the sky through the glaz-
ing, this doesn’t include other visible exterior objects
such as buildings or vegetation.
• glare - Any source of light as indicated on the view
diagram of the questionnaire
• view - The exterior view of the window not ob-
structed by the blinds.
In the previous study by Hirning et al, glare from lu-
minaires (electric light) and glare present on the computer
screen (screen glare) were excluded from the ﬁnal analysis
[9]. Few surveys overall reported these types of glare and
excluding those surveys signiﬁcantly improved the corre-
lation to all tested glare metrics in the ﬁnal analysis. All
other surveys were classiﬁed as glare originating from win-
dows (window glare), which included glare from the sky,
sun, reﬂections oﬀ external surfaces and reﬂections oﬀ in-
ternal surfaces. In this investigation the deﬁnition of these
groups remains unchanged, and their inclusion and exclu-
sion from analysis is reinvestigated (Table 15).
Each luminance map was analysed to record the aver-
age FOV luminance and illuminance, as well as the average
luminance and solid angle of each image mask. Evalglare
[35] was used to analyse each luminance map to provide de-
tailed output on predicted glare sources and indices (such
as DGP (Equation 2) and UGR). The ﬁndings from the
previous study [9], in relation to the use of Evalglare, were
carried forward into this investigation. Glare indices were
calculated using no task zone, and a multiplier of 5 (times
the background luminance) to identify glare sources. The
original UGP was calculated from the UGR (Equation 1).
UGP = 0.26 log10
0.25
Lb
n�
i=1
L2sωs
P 2
= 3.2× 10−2 UGR
(1)
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Figure 1: Example masks applied to luminance maps.
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2.4. Glare Metrics Analysis
Statistical data analysis was used to investigate the
UGP, DGP and other potential glare metrics to assess their
suitability as glare prediction models for both the current
(KL) and previous (Brisbane) data sets. To be able to
directly compare the results the same procedure was used
to analyse both data sets.
There were only two possible responses to glare for the
questionnaire; comfort or discomfort. Therefore the de-
pendant variable in the glare model being tested is cat-
egorical. However, the independent variables (glare met-
rics) being tested are continuous variables, not categorical.
In this case, the coeﬃcient of determination (r2) in a lin-
ear model is not a good measure to assess the categorical
response data. To overcome this, responses are grouped
together and a percentage of people experiencing discom-
fort is calculated for each group. The method converts
the two-level categorical data into continuous quantitative
data via the creation of ordered “groups”.
Initially, the independent variable (test metric) is cal-
culated for each survey. Surveys are then ordered numer-
ically with respect to the value of the independent vari-
able. The ordered surveys are combined into “groups”
with numerically adjacent surveys (i.e. those with similar
predicted values). The mean value of the predictor vari-
able in each group is calculated, as well as the percentage
discomfort (being the ratio of discomfort surveys to total
surveys for each group). These two values create a data
pair for each group. Regression can then be performed on
the grouped data. The coeﬃcient of determination (r2)
is calculated to assess if there is a signiﬁcant correlation
between the independent variable (test metric) and depen-
dent variable (percentage discomfort). The ideal method
of grouping data is to have as many response levels as there
are observations. Therefore the group size was always cho-
sen as
√
M, where M is the total number of surveys being
analysed. Hence the number of surveys in each group is
equal to the total number of groups (m).
3. Results
Table 4 shows the proportion of observed sky condi-
tions during the survey. The majority of surveys (61%)
were conducted under intermediate sky conditions. The
data reﬂects the typical weather pattern of a tropical cli-
mate, with intermediate skies the dominant condition [36].
Table 4: Rate of occurrence for the sky conditions present
at the time of survey.
Count Ratio (%)
Overcast 46 14
Intermediate 209 61
Clear 86 25
Table 5 lists the general and demographic responses
to the questionnaire. The majority of occupants pre-
ferred to work under daylight, with occupants in both
types of buildings having the same ratio of preference
(62% each). This result is in agreement with Galasiu and
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Table 5: Occupant responses to the questionnaire, ex-
cluding View Interest.
Count Ratio (%)
Overall Lighting
Gloomy 15 4
Dim 34 10
Comfortable 176 52
Bright 55 16
Glary 61 18
Time at Workstaion
< 1 Month 17 5
< 6 Months 86 25
< 12 Months 82 24
> 12 Months 156 46
Eye Correction
Glasses 137 40
Contacts 25 7
No Eye Correction 179 53
Age
> 30 127 37
> 40 139 41
> 50 48 14
> 60 24 7
> 70 3 1
Source Preference
Daylight 211 62
Electric Light 130 38
Gender
Male 167 49
Female 174 51
Veitchs’ review of occupant preference in relation to daylit
oﬃces, where preference for working under daylit condi-
tions ranged from 50% to 86% [37]. Around half of the
occupants had some form of eye correction (47%) at the
time of survey. The majority of occupants (78%) were aged
under 40 years and gender was split very evenly (49% male,
51% female).
Table 6 sorts the optional comments provided on the
questionnaire into various categories. After reading all the
individual comments, the categories were selected by not-
ing common themes in the comments. A total of 58 com-
ments were provided with a response rate of 17%. The
majority of comments centered on problems with daylight,
either too much or too little, with negative comments
about the blinds and shading generating the most com-
ments (13). Dissatisﬁed comments on glare from sunlight,
blinds and lighting controls were the top three complaints
registered in the previous Brisbane survey [9]. Glare from
luminaires and automated dimming systems also gener-
ated suﬃcient disturbance for comment (11 in total), how-
Table 6: Written comments provided by occupants dur-
ing the survey, separated general topic of the comment.
Topic Count
Blinds/Shading 13
Glare from Daylight 12
Workspace too Dim 10
Glare on Computer Screen 7
Positive Comments 7
Luminaires 6
Automated Dimming System 5
Subtotal 58
Response Rate (%) 17
ever there were also positive comments about the lighting
(7).
Table 7 shows that non-green rated buildings were
more comfortable overall than green rated buildings (65%
and 57% comfortable responses respectively). Green rated
buildings had far more glare from windows (36%), less
glare from electric lighting (2%) and less glare on the
screen (7%). Conversely, non-green rated buildings had
less glare from windows (16%) but more glare from elec-
tric sources (15%) and glare on occupants’ screens (15%).
Very few surveys had direct sun in the FOV of the occu-
pant (1.5%).
Table 7: Classiﬁcation of surveys by glare and building
type. Occupants are allowed to indicate more than one
type of glare source.
Count Ratio (%)
Comfort
Green 147 57
Non-green 53 65
Window Glare
Green 90 35
Non-green 11 7
Sun Glare
Green 4 1.5
Non-green - -
Electric Glare
Green 6 2
Non-green 13 16
Screen Glare
Green 19 7
Non-green 12 15
These surveys may be treated diﬀerently to other win-
dow glare responses, as the sun is an intolerable glare
source. No occupant with sun in their FOV responded
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Table 8: Responses to the Window View portion of the survey, including window view obstruction from blind usage
and the use of electric lighting for green and non-green buildings. No View applies to both Window View and Window
Obstruction.
Green Non-Green
Count Ratio (%) Count Ratio (%)
No View 23 9 41 51
Window View
Don’t Know 16 6 7 9
Not Interesting 21 8 10 12
Interesting 131 50 21 26
Very Interesting 69 27 2 2
Window Obstruction
Unobstructed 69 26 3 4
Partially Obstructed 23 9 9 11
Totally Obstructed 145 56 28 34
Overhead Lighting
On 114 44 55 68
Oﬀ 146 56 26 32
Task Lighting
On 4 2 1 1
Oﬀ 256 98 80 99
comfortably to the survey. Table 8 examines more closely
the relationship between windows, electric lighting and
building type.
A marked diﬀerence between green rated and non-
green rated buildings occurs in regards to window view
(Table 8). In the green rated buildings only 9% of oc-
cupants had no view and 77% rated their view as either
interesting (50%) or very interesting (27%). In contrast,
for the non-green rated buildings, 51% of occupants had
no view and 28% rated their view as either interesting
(26%) or very interesting (2%). It is no surprise then that
window glare in green rated buildings occurred ﬁve times
more frequently than in non-green rated buildings (Ta-
ble 7), when occupants in non-green rated buildings were
ﬁve times more likely to not have a window view at all.
Window obstruction from blinds was common in both
types of buildings. Occupants in green rated buildings had
more unobstructed views (26%) than the non-green rated
buildings (9%). However, if those totals are combined with
occupants without a window view, then 65% and 85% of
occupants in green and non-green rated buildings respec-
tively, have no partial or full view to the outside. This
result is consistent with many other observations of oc-
cupant blind usage; once occupants engage blinds due to
glare they usually leave them ﬁxed in place, and will not
retract them at a later time, whether or not glare persists
[2, 29, 38, 39].
Table 7 shows evidence of the notable diﬀerences in
building type; namely the observed increase in the rate of
reported discomfort arising from windows in green rated
buildings and from electric sources in non-green rated
buildings. In context, this may simply be attributed to
an overall reduction in the window sizes in the surveyed
non-green rated buildings compared with the green rated
ones (window to wall ratios ranging from 0.35 - 0.5 for
non-green and 0.6 - 0.66 for green; from Table 1), and
an increase in the number of respondents from non-green
buildings without access to a view from their workstation
(51% with no view in non-green vs. 9% in green rated
buildings; from Table 8). These diﬀerences in window ac-
cess and view quality emerge as a consistent diﬀerence be-
tween building types green and non-green for the selected
buildings in this study.
The use of task lighting is extremely low for both green
and non-green rated buildings, only 1-2%. It should be
noted that only 37% of occupants were provided a task
light option (one green and two non-green buildings). The
use of overhead electric lighting was much more prevalent.
Overall the green rated buildings were using overhead elec-
tric lighting for 44% of occupants surveyed, while the non-
green rated buildings were using overhead electric lighting
for 68% of occupants surveyed. Two of the green rated
buildings had automated lighting control systems, but the
lowest use of electric lighting occurred in neither of those
two buildings. As far as the researchers were aware the
automated lighting control systems were in use, though it
was not conﬁrmed whether they had been overridden by
the occupants at any stage. Only in one of the non-green
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Table 9: Mean (µ) values for occupants (n) with a window view, including; average screen luminance (cd/m2), average
window solid angle (sr), and window : screen, Background :Screen and Window :Background luminance ratios.
Green Non-Green
Comfort Discomfort Comfort Discomfort
n 145 94 29 11
Screen Luminance (cd/m2) 84.5 71.8 64.4 93.1
Window : Screen 30 : 1 54 : 1 11 : 1 12 : 1
Background : Screen 2.8 : 1 4.8 : 1 1.4 : 1 0.37 : 1
Window :Background 11 : 1 12 : 1 15 : 1 31 : 1
Window Solid Angle (sr) 0.388 0.542 0.434 0.228
rated buildings had occupants actively turned oﬀ the lights
when there was daylight available. In the other two non-
green rated buildings the overhead electric lighting was in
use for all occupants.
Table 9 presents the average screen luminance, average
ratio of the window, background and screen, and average
solid angle of the window, obtained from the masked re-
gions of luminance maps (shown in Figure 1). As with
the previous investigation by Hirning et al 2014 [9] screen
(task) luminances appeared very similar for all occupants.
The average screen luminance overall was 89.1cd/m2, very
similar to the 98cd/m2 found in the Brisbane data. How-
ever, the average screen luminance in green rated buildings
for occupants with windows was 84.5 and 71.8 cd/m2 for
comfort and discomfort surveys respectively, and 64.4 and
93.1 cd/m2 in the non-green buildings (Tables 9).
Two sample t-tests (t) were conducted on the lumi-
nance ratios (mean (µ) and standard deviation (S.D.)) of
the window to screen, background to screen, window to
background and solid angle of the window (Tables 10 –
13). These were conducted across both green and non-
green rated buildings and comfort and discomfort surveys
to determine if signiﬁcant diﬀerences (p < 0.05) between
the categories existed. Only surveys with windows in the
occupants FOV were considered, those without a view were
excluded. Of those surveys, only window glare was con-
sidered in the discomfort category, occupant surveys clas-
siﬁed as electric glare or screen glare were excluded (see
Section 2.3).
Table 10 shows that no statistically signiﬁcant diﬀer-
ences between groups was observed for the average val-
ues of the ratio of window to screen luminance. However,
some comparisons were weakly signiﬁcant, for example, in
green rated buildings the diﬀerence between comfort and
discomfort surveys was weakly signiﬁcant (p = 0.063).
In green rated buildings there was a signiﬁcant diﬀer-
ence between comfort and discomfort surveys (p = 0.026)
for the luminance ratio of the background to screen (Ta-
ble 11). For discomfort surveys, the diﬀerence between
green and non-green rated buildings was weakly signiﬁ-
cant (p = 0.064). For discomfort surveys in the non-green
buildings, the background luminance is on average lower
than the screen luminance (0.368 : 1).
Table 10: Two sample t-test on luminance ratio Window :
Screen.
n µ S.D. t p
Comfort
Green 145 30.0 78.8 1.33 0.19Non-green 29 10.5 11.1
Discomfort
Green 94 54.3 122 1.14 0.26Non-green 11 12.0 17.4
Green
Comfort 145 30.0 78.8 1.87 0.063Discomfort 94 54.3 122
Non-green
Comfort 29 10.5 11.1 0.324 0.74Discomfort 11 12.0 17.4
Table 11: Two sample t-test on luminance ratio
Background : Screen.
n µ S.D. t p
Comfort
Green 145 2.79 5.97 1.23 0.22Non-green 29 1.40 2.46
Discomfort
Green 94 4.79 7.81 1.87 0.064Non-green 11 0.368 0.249
Green
Comfort 145 2.79 5.97 2.24 0.026Discomfort 94 4.79 7.81
Non-green
Comfort 29 1.40 2.46 1.38 0.18Discomfort 11 0.368 0.249
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Table 12: Two sample t-test on luminance ratio Window :
Background.
n µ S.D. t p
Comfort
Green 145 11.0 11.5 1.50 0.14Non-green 29 14.6 13.2
Discomfort
Green 94 11.7 11.5 3.97 0.0001Non-green 11 31.3 35.2
Green
Comfort 145 11.0 11.5 0.460 0.65Discomfort 94 11.7 11.5
Non-green
Comfort 29 14.6 13.2 2.21 0.033Discomfort 11 31.3 35.2
Table 12 examines the relationship between the win-
dow and background luminance. There was a signiﬁcant
diﬀerence between green and non-green rated buildings for
discomfort surveys (p = 0.0001). In addition, in the non-
green rated buildings, there was a signiﬁcant diﬀerence be-
tween comfort and discomfort surveys (p = 0.033). This
suggests that for non-green buildings, the background to
window luminance plays a more signiﬁcant role in discom-
fort glare compared to the window to screen luminance
(p = 0.74 from Table 10).
Table 13: Two sample t-test on solid angle of the window.
Solid Angle (sr)
n µ S.D. t p
Comfort
Green 145 0.388 0.438 0.507 0.61Non-green 29 0.434 0.484
Discomfort
Green 94 0.542 0.472 2.18 0.032Non-green 11 0.229 0.142
Green
Comfort 145 0.388 0.438 2.58 0.011Discomfort 94 0.542 0.472
Non-green
Comfort 29 0.434 0.484 1.37 0.178Discomfort 11 0.229 0.142
Lastly, Table 13 tests the signiﬁcance of the average
solid angle of the window on building type and survey
response. In green rated buildings, the solid angle of the
window is signiﬁcantly larger for discomfort surveys (p =
0.011). There is also a signiﬁcant diﬀerence for discomfort
surveys between green and non-green rated buildings (p =
0.032).
Tables 10 – 13 highlight some diﬀerences in the rela-
tionship between the window, background and screen in
the two building types. Interestingly, there were no sig-
niﬁcant diﬀerences observed between comfortable surveys
for the two building types for any of the luminance ratios
or solid angle of the window. In non-green rated build-
ings the background is darker than the task for discom-
fort surveys (1.40 : for comfort and 0.368 : 1 for discomfort
respectively). Therefore occupants in these buildings may
experience discomfort as a result of gloomy interiors rather
than high luminances at the window (window to screen was
not signiﬁcant, p = 0.74). This corresponds to the obser-
vations of the assessors, that these buildings generally had
darker interiors (lower reﬂectances).
In the green rated buildings the luminance ratios of
the of the window to screen, and background to task were
weakly signiﬁcant and signiﬁcantly diﬀerent (p = 0.063
and p = 0.026), as was the solid angle of the window be-
tween comfort and discomfort surveys (p = 0.011). These
results suggest that the inﬂuence of the window on the
background luminance plays an important role. In discom-
fort surveys, the average window size is larger (0.542sr)
compared to comfort surveys (0.388sr), which inﬂuences
the luminance of the window as well as the surrounding
area near the window. Therefore discomfort in green rated
buildings appears to be a result of bigger and brighter win-
dows.
It is possible that due to fewer observations in the non-
green rated buildings (40) compared to green rated build-
ings (239) that some relationships between the two build-
ing types were unable to be properly observed. However,
the results do highlight that very simple relationships to
luminance probably do not exist when considering a wide
scope of data. Hence a more complex metric, such as the
UGP, is required in order to adequately predict discomfort.
4. Analysis
The ﬁrst evaluation of the UGP’s ability to predict dis-
comfort reported by occupants in the KL data is conducted
by a simple hypothesis test. The UGP is a probability es-
timating the likelihood of discomfort. For a UGP > 0.5
the likelihood of an occupant experiencing discomfort is
greater than the likelihood of the occupant experiencing
comfort. Using this criteria, Table 14 shows the propor-
tion of survey responses predicted correctly by the UGP
for the current data set.
Overall the original formulation of the UGP predicts
69% (235 out of 341) of survey responses correctly in this
data set (78% of the 236 comfortable surveys are correctly
predicted and 49% of 105 discomfort surveys). Regression
analysis was used to evaluate the KL data further and to
compare the diﬀerences in both (KL and Brisbane) data
sets. The data overlay shows that there is visual agreement
between the two grouped data sets (Figure 2).
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Table 14: Ratio (%) and count (n) of occupant survey
classiﬁcation against UGP predicted response.
UGP < 0.5 UGP � 0.5
Survey Response
Comfort (n=236) 78% (n=184) 22% (n=52)
Discomfort (n=105) 51% (n=54) 49% (n=51)
Figure 2: UGP results for current (KL) data overlayed
onto previous (Brisbane) data. Electric & screen glare sur-
veys are excluded as per the original analysis methodology.
If an ANOVA is performed as per Hirning et al [9] on
the raw (ungrouped) data then the results again showed
view interest, age and eye correction to not be statistically
signiﬁcant factors, consistent with the previous ﬁndings
from the Brisbane data. In the original formulation of the
UGP, the coeﬃcient for the UGR was 3.2 ± 0.4 × 10−2.
If this same model is applied to the current data set then
its performance can be compared directly to the original
data (Table 15). In the original model, the intercept was
statistically insigniﬁcant (1 ± 7) so was omitted from the
UGP (Equation 1).
Table 15 shows that excluding screen glare and elec-
tric glare for the current data set signiﬁcantly improves
the correlation for window glare (r2 from 0.34 to 0.72).
However, including those surveys as if they were comfort-
able (i.e. comfortable with respect to glare from windows)
shows no diﬀerence in performance for the metric in terms
of gradient or correlation. This observation initiated a new
investigation of the previous data, which was re-evaluated
to include previously excluded screen and electric glare
data as comfortable (with respect to window glare).
Table 15: UGP ﬁtted to both the current (KL) and pre-
vious (Brisbane) data sets; including with and without in-
tercept, screen glare and electric glare. The combined data
set is also included with and without sun in the FOV.
β C m r2
Excluding screen & electric glare & intercept
Brisbane 1.00 ± 0.06 - 21 0.88
KL 0.96 ± 0.11 - 17 0.77
Excluding screen & electric glare
Brisbane 0.98 ± 0.15 1± 7 21 0.70
KL 0.66 ± 0.10 18± 4 17 0.72
Including screen & electric glare as discomfort
Brisbane 0.52 ± 0.11 30± 5 23 0.54
KL 0.20 ± 0.07 37± 3 19 0.34
Including screen & electric glare as comfort
Brisbane 0.59 ± 0.09 22± 4 23 0.64
KL 0.66 ± 0.10 18± 4 19 0.72
Combined
Including sun 0.68 ± 0.07 13± 3 29 0.78
Excluding sun 0.59 ± 0.07 13± 3 28 0.76
When comparing the line of best ﬁt between the previ-
ous and current data sets the coeﬃcients agreed between
data sets if surveys indicating screen or electric glare were
regarded as ‘comfortable’ surveys (β = 0.59 ± 0.09 and
0.66 ± 0.10) (Figure 3). This result, in including electric
and screen glare as ‘comfortable’ responses was not an ob-
vious decision based on the previous data set alone, and is
borne out from observing the results of both data sets.
For further analysis, the combined data set included all
surveys (M = 834), with other types of glare not relating to
window glare included as comfortable surveys. In the pre-
vious study, surveys with sun in the FOV were included in
the ﬁnal analysis, as excluding these (17) surveys showed
no signiﬁcant diﬀerence in correlation to discomfort. The
same result occurs in this investigation; excluding surveys
with direct sun slightly decreases the correlation of the
UGP from 0.78 to 0.76. The gradient (0.59 ± 0.07) is in
agreement with both the Brisbane and KL data individu-
ally, though it slightly disagrees with the combined data
set if all window glare occupants are included (0.68±0.07).
All occupants across both studies (21) responded with
discomfort when there was sun in the FOV. Thus there
were no counter observations of comfort from any occu-
pant. Therefore it is unnecessary to use a discomfort glare
metric to assess a luminance distribution with the sun in
the occupants ﬁeld of view, as this is naturally intolerable
glare.
Given the agreement found between the two complete
data sets (where electric and screen glare surveys are in-
cluded, and sun in the FOV is excluded), results across
both studies were combined to determine the inﬂuence of
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Figure 3: UGP results for current (KL) data overlayed
onto previous (Brisbane) data. Electric & screen glare sur-
veys are included as comfortable with respect to window
glare.
the additional data (M = 813) on the UGP formulation.
For completeness, the combined data set was tested with
a number of potential glare metrics to assess their corre-
lation to discomfort (Table 16).
Table 16: Correlation (r2), gradient (β) of the best per-
forming glare metrics (where r2 � 0.5 and m = 29 for
grouped data).
Metric r2 β
Vertical Illuminance 0.53 0.0330
DGP 0.57 245
Vision Luminance 0.59 0.105
GI 0.76 15.5
UGR 0.76 1.78
Also included in the comparison is a generic glare in-
dex, GI, which is the predictive element of the UGR (Equa-
tion 3). It is a basic form of the UGR without any coeﬃ-
cients.
GI = log10
1
Lb
n�
i=1
L2sωs
P 2
(3)
Even though the data shows a good linear relationship
to UGR/GI, it is recognised that this linear formulation
may not be the best choice for a glare probability metric.
For the UGR and UGP it is possible to obtain a negative
value for the indices if the logarithm of the term shown in
Equation 3 is less than 1. It is also possible to obtain a
UGP value greater than the maximum logical value of 1.
To overcome the possibility of illogical values for the UGP
a logistic curve was ﬁtted to match the linear response of
the data. The updated UGP asymptotes extreme values
of the linear index (Equation 3) to probabilities of 0 and
1 (Equation 4). The results of the combined data set is
shown in Figure 4.
Figure 4: UGP results for the combined data set, with a
logistic curve ﬁtted to the data.
UGP = 1�
1 + 27
�
1
Lb
n�
i=1
L2sωs
P 2
�− 15�10 (4)
The updated UGP expressed as a function of the UGR
is given in Equation 5.
UGP = 1�
1 + 27
�
10− 140 (UGR+5)
��10 (5)
This equation gives the best ﬁt to all of the data on
discomfort glare from windows collected across both stud-
ies.
If the same hypothesis test (Table 14) is performed us-
ing the updated UGP (Equation 4) on the KL data it can
be observed that while the UGP predicts survey responses
well overall (69% (560 out of 813) correct), comfortable
surveys are predicted better (91%) than discomfort sur-
veys (24%) (Table 17).
For the UGP to be used as an applied metric eﬀec-
tively, it is necessary to minimise the number of occupants
aﬀected by discomfort glare. Type 2 error analysis may
help practitioners interpret the UGP to better apply the
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Table 17: Hypothesis test for logistic UGP (Equation 4).
UGP < 0.5 UGP � 0.5
Survey Response
Comfort (n=546) 91% (n=497) 9% (n=49)
Discomfort (n=267) 76% (n=204) 24% (n=63)
index in design decisions (Table 18). A type 2 or a false-
negative result occurs when the index predicted “comfort-
able” but the survey response was “uncomfortable”. The
objective in terms of glare prediction is that the occurrence
of a false-negative carries more consequence than a false-
positive result. If the UGP predicted “uncomfortable” but
the occupant response was comfortable, this result is not
as detrimental to building design.
Table 18: Limits of the UGP for minimisation of Type 2
Errors.
Type 2 Error Rate (%) Threshold for discomfort
30 UGP > 0.34
20 UGP > 0.30
10 UGP > 0.25
5 UGP > 0.21
1 UGP > 0.14
0 UGP > 0.12
5. Discussion
5.1. Accuracy of UGP in predicting discomfort in KL data
The aim of this study was to test and validate the UGP
developed from a large study of discomfort glare reports
from open-plan oﬃce occupants of green buildings in Bris-
bane, Australia. The data collected here from a similarly
large group from open plan oﬃces in both green-rated
and other commercial oﬃce buildings in Kuala Lumpur,
Malaysia; show that the UGP correctly predicted 49% of
reported discomfort glare based on image analysis from lu-
minance maps of workstations. The rate of correct predic-
tion of visual comfort was 78%. The rates of false positive
and false negative predictions of discomfort glare were 22%
and 51%, respectively. Overall, the accuracy of the orig-
inal formulation of the UGP demonstrated in this study
was 69%. It should be noted in interpreting this result,
that the UGP gives a probability value of glare being re-
ported in a given situation. To conduct this analysis, the
probability was simpliﬁed from this continuous value, to
two discrete outcomes: discomfort predicted where UGP
> 0.5, and comfort predicted where UGP =< 0.5.
Few studies are available that compare actual reported
discomfort by occupants in open plan oﬃces with discom-
fort glare predicted by glare indices [7–9, 40]. An over-
all accuracy of 69%, found here in the application of the
original UGP to the KL data, compares favourably with
these studies. Konis reported that the CGI, DGI and UGR
could be shown through regression modelling to be poten-
tially capable of accounting for 66.8%, 66.7% and 66.4%
of occupant responses on visual comfort. Isoardi et al re-
ported on glare index accuracy in a small study (M=24)
of open plan oﬃces with skylights and found values for
DGI (54%), DGP (54%), VCP (58%), UGR (67%), and
CGI (75%). Hirning et al (2013) did not provide an over-
all accuracy for glare indices, but observed that in these
spaces, DGI and DGP were unable to predict any of the
reported discomfort by occupants due to overall low values
for the vertical illuminance in the observed spaces. DGP
and DGI were also found to underpredict glare in a study
of occupants in an individual oﬃce with a window by Van
den Wymelenberg and Inanici [41]. Subsequent evaluation
of the same data demonstrated that the DGP and DGI
could predict 14.7% and 12%, respectively, of reported dis-
comfort when the metric-deﬁned thresholds for glare are
applied [42].
5.2. Comparing and combining Brisbane and KL data
Further analysis by regression modeling shows that the
data from both locations are consistent in their ﬁt to the
UGP. Analysis of the two data sets (Brisbane and KL)
separately to assess their ﬁt to the UGP model (Table 15)
indicate that the gradient of the best linear ﬁt to each
data set are in agreement when all data is included, and
only reports of window glare are counted as a discomfort
response (0.59± 0.09 and 0.66± 0.10 for Brisbane and KL
respectively). This change from the original data proce-
dure of excluding reports of only electric or screen glare
has been motivated by the collection of additional data.
In the original study, excluded surveys were removed due
to their confounding impact on analysis (r2 improved from
0.54 to 0.88) and relatively low count; but with the new
data collected in this study, their inclusion as examples of
‘no glare from windows’ is shown to give consistent results
between the two data sets, with no signiﬁcant impact on
correlation between reports of discomfort and predicted
window glare (r2 remained stable from 0.70 to 0.64 for
Brisbane data).
This result makes sense, a direct view of luminaires
should have minimal impact on the UGP index due to
their position in the ﬁeld of view. A luminaire may have
high luminance, but is smaller in solid angle than windows,
and weighted much less than windows in the calculation of
the index due to the position index (P in Equation 1). In
addition, screen glare is unable to be assessed properly by
the LMK due to the resolution of the ﬁsheye lens. Screen
glare occurs due to a reduction in contrast of the task from
veiling reﬂections. However, the luminance maps captured
show that the task on the screen is unable to be properly
resolved by the ﬁsheye lens, thus the contrast of the screen
is unable to be accurately determined.
It possible that by including reports of discomfort as
‘comfortable’ that interactions between glare sources are
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not accounted for. The analysis assumes that occupants
are capable of determining if more than one type of light
source presents discomfort. Therefore it was considered
reasonable to accept the occupant’s determination of the
presence or absence of window glare based on their survey
response.
This choice has clear implications for the application of
the UGP. By not registering reports of electric or screen-
based glare as discomfort responses in its formulation, the
UGP is not optimal in situations where there is little op-
portunity for window glare (small windows or no window
access) or large amounts of glare due to electric light, i.e.
situations where non-window glare sources might obscure
or dominate the glare conditions arising from windows.
The tendency for green-rated buildings to have highly-
glazed facades (larger window areas and more window ac-
cess for occupants) suggests they are an appropriate build-
ing type for the application of this metric.
While the technical process of data collection and anal-
ysis was similar between the Brisbane and Kuala Lumpur
groups, there were several diﬀerences that could have im-
pacted on the overall trends observed in the results. In
particular, the prevailing weather conditions were diﬀer-
ent: KL evaluations were conducted under a majority of
intermediate sky conditions (61%) while Brisbane evalu-
ations were conducted only under clear sky conditions.
Kuala Lumpur is located a tropical region, while Brisbane
is classiﬁed as humid subtropical. It is also noted that
there may be room for other personal and cultural factors
between the two geographically distinct groups that may
have inﬂuenced the overall reports of discomfort. This
work does not attempt to capture the existence or signif-
icance of these diﬀerences, but it is possible that weather
and general climate patterns from distinct regions may im-
pact on the tolerance of glare from sunlight. However, the
results presented in Tables 5, 6 and 8 do suggest that at
least the behaviour of occupants in relation to daylight
preference and use of internal shading is consistent with
those observed in other climates [3, 9, 37].
Combining the data from both locations to update the
UGP (Equation 4), as shown from the results of Table 15,
provides an improvement in correlation to reported dis-
comfort glare in the open-plan spaces studied in both lo-
cations (from r2 = 0.64 and 0.72 respectively, to r2 = 0.76).
Surveys with sun in the FOV were excluded from the ﬁ-
nal analysis. Even though the UGP has the capability to
predict discomfort for sun in the FOV (r2 was 0.78 includ-
ing these surveys), all available surveys of this type (21)
had uncomfortable responses from occupants. Consider-
ing that an occupant is extremely unlikely to comfortably
respond to sun in the FOV, a practitioner should not re-
quire the UGP to predict discomfort in this circumstance.
The results show that the updated UGP outperforms both
simple metrics (illuminance and vision luminance) and the
DGP (r2 = 0.57). It is anticipated that further study of
green rated commercial oﬃce buildings, in diﬀerent loca-
tions and sky conditions within subtropical and tropical
regions, will still yield results in agreement with these.
5.3. Luminance ratios
The luminance ratios and window solid angle shown
in Tables 10 – 13 give some retrospect on the develop-
ment and ﬁndings of the original UGP. Two sample t-tests
were performed to determine the signiﬁcance of luminance
ratios on survey response and building type. The ratio
of background luminance to window luminance showed
an observable diﬀerence between comfort and discom-
fort survey responses for non-green rated building types
(p = 0.033). In these buildings, the ratio background to
screen luminance in discomfort surveys was much lower
than in green rated buildings (0.368 : 1 and 4.79 : 1 re-
spectively); with the ratio of screen luminance to win-
dow luminance not signiﬁcant in non-green rated buildings
(p = 0.74) and weakly signiﬁcant in green rated buildings
(p = 0.063).
The absence of signiﬁcant diﬀerences in both build-
ing types for the window to screen luminance ratio may
explain why using a task zone never provided a good cor-
relation to discomfort responses in the development of the
UGP. In the previous study, Hirning et al, 2014, had iden-
tiﬁed that the luminance of the task was similar for all
occupants, due to the use of similar self-luminous screens,
and the requirement of the same workplane horizontal illu-
minance for all oﬃce spaces [9]. The results from Table 12
suggest that the ratio of background luminance to window
luminance is a more sensitive parameter than the ratio of
task to window luminances, thus enabling better predic-
tion of potential glare sources.
The same result indicates why glare indices which can
account for contrast (such as the UGR) performed better
in this investigation overall. A metric using illuminance
would not be able to distinguish between the comfortable
and uncomfortable workspaces in the non-green buildings
as glare is caused by dark background luminances rather
than increased window luminance. However, in the green
rated buildings, the background to screen luminance is
signiﬁcantly increasing (p = 0.026) from comfort to dis-
comfort surveys (2.79 : 1 to 4.79 : 1 respectively), as is
the solid angle of the window (0.388sr to 0.542sr, respec-
tively where p = 0.011). In these spaces, discomfort can
still be predicted by contrast between glare sources and
the background, but also by illuminance, as illuminance is
also generally increasing with discomfort in these spaces.
This observation links to the result in Table 16 where
illuminance explains about 53% of the variance in the data
and the DGP 57% (r2 = 0.53 and 0.57 respectively). In the
green rated buildings, where there were generally larger
windows, with more people placed close to a window to
enable a view, it is likely that vertical illuminance may
explain discomfort because the background luminance of
occupants close to windows was heavily inﬂuenced by the
luminous exitance from the window itself. Most of these
occupants were seated adjacent to windows with large with
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luminous sources in the ﬁeld of view. Therefore illumi-
nance may be a useful proxy to a contrast metric for glare
near windows, though it is not the cause of discomfort
glare.
Table 16 is also noteworthy because none of the other
glare metrics calculated (DGI, CGI, VCP) achieve a corre-
lation to discomfort higher than 0.5. Previously, with just
the Brisbane data, and excluding electric and screen glare
surveys, both the DGI and CGI had much higher correla-
tions (r2 = 0.74 and 0.77 respectively). The correlation of
the DGP went down from r2 = 0.68 to 0.57. This aﬃrms
the decision by Hirning et al to use the UGR as the basis
for the UGP, as the basic formula has additive properties
with respect to solid angle (the exponent of ωs is 1) [9].
Occupants were asked to participate in the survey
while performing their normal work task, which was al-
ways computer-based work. Therefore the majority of oc-
cupants were performing tasks that they were familiar and
comfortable with. Given that the task luminance and task
diﬃculty was very similar for all occupants in this study,
the task does not appear to inﬂuence occupant’s percep-
tion of discomfort. However, both task luminance and dif-
ﬁculty may inﬂuence the perception of discomfort in other
situations.
5.4. Error Analysis
The type 2 error rates listed in Table 18 alongside the
threshold for discomfort act as an upper bound or conﬁ-
dence interval for the UGP. For example, a calculated UGP
value of 0.25 implies that 75% of occupants would respond
comfortably to a given FOV. A practitioner would assume
the response of an individual occupant to be comfortable.
However, there is a 10% chance that the occupant may
respond with discomfort based on all collected survey re-
sponses in this study. This may seem counter intuitive as
the UGP is already a probability of discomfort. However,
the UGP is an average ﬁt to all survey responses. There
were a proportion of calculated high UGP values that had
comfortable survey responses (type 1 errors) and a propor-
tion of low UGP values that had uncomfortable survey re-
sponses (type 2 errors). Therefore the UGP describes the
theoretical likelihood of discomfort, while Table 18 lists
the percentage of real occupants who were more sensitive
to glare than the threshold UGP. This type of interpreta-
tion is analogous to thermal comfort in which 20% PPD
is speciﬁed as a design guideline by ASHRAE [43, 44].
Therefore to mitigate the risk of glare to very low levels, a
lighting practitioner may ﬁnd it more pragmatic to apply
a threshold to the UGP based on the type 2 error rate
given in Table 18. For example, a higher threshold of the
UGP could be applied in a ﬂexible working space where
occupants can easily adjust their own position and light-
ing without aﬀecting other occupants. In contrast, a lower
UGP threshold could be selected for a space with less ﬂex-
ibility for occupant movement, or where the consequence
of a false negative (type 2) result is highly critical.
6. Conclusion
This study collected self-reported (questionnaires) and
objective measures (luminance maps) of visual comfort
from 341 occupants working in open-plan oﬃces across six
buildings in Malaysia. The data has been used to validate
the UGP as a predictor of discomfort glare in these spaces.
The results show the overall accuracy of the original for-
mulation of the UGP in predicting all types of discomfort
glare is 69% (78% comfort and 49% discomfort surveys
correctly predicted). Evaluating all of the data collected
across both studies led to a re-evaluation of the previous
data to include previously excluded reports of discomfort
due electric or screen glare (only) as reports of comfort
with respect to window glare.
Regression analysis showed both data sets displayed
good agreement in predicting discomfort from windows.
Combining the data from both studies has enabled an up-
date to the coeﬃcients of the UGP improving its ﬁt to
the data collected from diﬀerent locations, encompassing
both tropical and subtropical regions. Furthermore, the
updated UGP uses a logistic curve in place of the original
linear transformation of the UGR to prevent probabilities
less than 0 or greater than 1.
Signiﬁcance testing of luminance ratios between the
window, background and task revealed that contrast be-
tween the background and window is more inﬂuential on
discomfort than the contrast between the window and the
task. Occupants appear to experience discomfort as a re-
sult of contrast glare between the background luminance
and glare source, in both the darker spaces of the regular
oﬃce buildings, and brighter spaces of green rated build-
ings.
Minimisation of false-negative results provides a guide
for practitioners to choose a limiting threshold of the UGP
based on the most sensitive occupant responses. These
changes to the analytical methods underpinning the in-
dex’s development suggest a reﬁnement to its application:
the UGP is most suitable for application to open-plan
spaces that are well-accessed by windows without sun in
the ﬁeld of view, in tropical and subtropical climate re-
gions.
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Glare Study for Buildings in Malaysia for 
Building Sector Energy Efficiency Project 
 
 
BSEEP in conjunction with UNDP would like to invite you to participate in a survey on discomfort     
glare in a Malaysian workplace. Your participation in this research will help develop our 
understanding of discomfort glare in Malaysia. 
  Reference:         Date:       Level:       Time: 
 
 
     GENERAL LIGHTING       1. Please tick the option that best describes the general lighting in your workspace?          Gloomy ☐           Dim ☐            Comfortable ☐            Bright ☐          Glary ☐           
       2. How would you describe your exterior window view? 
         Very Interesting ☐                       Not Interesting ☐                      Don’t know ☐         
                             Interesting ☐                       No viewing windows ☐   
     3. Approximately how long have you worked at your current workspace? 
         < 1 Month ☐           < 6 Months ☐            < 12 Months ☐            > 12 Months ☐  
 
  
     DISCOMFORT GLARE 
          
     Images of your workstation will be  
     taken by the consultant. Please mark  
     the positions on the View Diagram 
     light sources which are distracting or  
     uncomfortable at this current time. 
     Please mark as much of the glare  
     source as is possible. The consultant 
     can show you an image of your  
     workspace to  help locate glare  
     sources.  
  
  
  
  
  
  
  
  
 
     GLARE SOURCES        1. Please indicate the type of glare you find most uncomfortable at this time? 
       Direct sun around work area ☐       Electric Lighting ☐       Other Reflections ☐  
       View of Sky ☐              Daylight on computer screen ☐                           None  ☐ 
 
Figure A.5: Discomfort glare questionnaire handed out to occupants (p.g. 1).
18
  
 
DEMOGRAPHICS 
1. Are you wearing corrective eyewear at the time of this survey? 
  Glasses ☐                                         Contacts ☐                                        No ☐   
 
2. What is your age? 
  < 30 ☐                  < 40 ☐                  < 50 ☐                 < 60 ☐                 < 70 ☐ 
 
3. Under what light source do you prefer to work? 
                           Daylight ☐                               Electric Light ☐
 
4. What is your gender? 
                                 Male ☐                                          Female ☐ 
 
 
 
Thank you for your participation in this survey. If you have any additional information 
you would like to contribute please use the space provided. 
 
 
 
ADDITIONAL COMMENTS 
 
Please provide any other information you may think may be of value to this research 
in understanding glare in the workplace. 
 
 
___________________________________________________________________ 
 
 
 
___________________________________________________________________ 
 
 
 
___________________________________________________________________ 
 
 
 
___________________________________________________________________ 
 
 
 
___________________________________________________________________ 
 
 
 
Figure A.5: Discomfort glare questionnaire handed out to occupants (p.g. 2).
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